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Abstract: Owing to the complexity of geo-engineering seepage problems influenced by different 
random factors, three-dimensional simulation and analysis of the stochastic seepage field plays an 
important role in engineering applications. A three-dimensional anisotropic heterogeneous steady 
random seepage model was developed on the basis of the finite element method. A statistical 
analysis of the distribution characteristics of soil parameters sampled from the main embankment of 
the Yangtze River in the Southern Jingzhou zone of China was conducted. The Kolomogorov-Smirnov 
test verified the statistical hypothesis that the permeability coefficient tensor has a Gaussian 
distribution. With the help of numerical analysis of the stochastic seepage field using the developed 
model, various statistical and random characteristics of the stochastic seepage field of the main 
embankment of the Yangtze River in the Southern Jingzhou zone of China were investigated. The 
model was also examined with statistical testing. Through the introduction of random variation of 
the upstream and downstream water levels into the model, the effects of the boundary randomness 
due to variation of the downstream and upstream water levels on the variation of simulated results 
presented with a vector series of the random seepage field were analyzed. Furthermore, the 
combined influence of the variation of the soil permeability coefficient and such seepage resistance 
measures as the cut-off wall and relief ditch on the hydraulic head distribution was analyzed and 
compared with the results obtained by determinate analysis. Meanwhile, sensitivities of the 
hydraulic gradient and downstream exit height to the variation of boundary water level were studied. 
The validity of the simulated results was verified by stochastic testing and measured data. The 
developed model provides more detail and a full stochastic algorithm to characterize and analyze 
three-dimensional stochastic seepage field problems.  
Key words: anisotropic random seepage field; three-dimensional seepage finite element method; 
Monte Carlo simulation; inhomogeneous permeability coefficient; stochastic disturbance of 
hydraulic head boundary 
1 Introduction 
The seepage field of earth-rock dams is influenced by different uncertain factors. Thus, 
there is a great degree of uncertainty in seepage analysis. There are two major causes of 
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uncertainty of mathematical models of seepage: uncertainty of model parameters, and 
uncertainty of conditions for determining solutions inclusive of the initial conditions, 
boundary conditions and loading conditions. Such vectors of seepage fields as hydraulic head 
and velocity, obtained by models, should be analyzed by stochastic processes with their 
probabilistic distributions. When the generalized uncertain seepage algorithm is applied to 
predict dam seepage stability and manage dam operation, it is of importance to quantify 
uncertain parameters for the reliability of the numerical model. As a rule, stochastic 
hypothesis testing has to be carried out first for the random parameters that exist in the 
governing equations or conditions for determining solutions. Furthermore, analysis of the 
sensitivities of stochastic seepage fields to these random parameters must be performed to 
increase the reliability of the algorithm model. Tsao et al. (2005) and Griffiths and Fenton 
(1997) have made some achievements in this domain and some Chinese researchers have also 
begun to carry out this kind of research (Li 2007; Du et al. 2000). In this study, the random 
characteristics of the seepage field of the main embankment of the Yangtze River in the 
Southern Jingzhou were investigated with a three-dimensional anisotropic heterogeneous 
steady stochastic seepage model. 
As an important Chinese levee construction project, the main embankment of the 
Yangtze River in the Southern Jingzhou plays a key role in the protection of local economic 
and social development in Songzi City, Jingzhou City, Gong’an County, Shishou City and 
Huarong County, safeguarding Hubei Province and Hunan Province which include 2564 km2
of administrative zones, 1737800 acres of plantations, and a population of 1364000.  
The whole span of embankment work runs for 192.32 km from the separation levee in the 
enlarged flood-diversion area of Yuanshi City to Wumakou Valley in Shishou City. The vital 
section of 96 km stretching from the Beizha area to Ouchi Town, situated in Gong’an Country, 
is the predominant flood control barrier, and it protects the safety of Gong’an County and the 
Jingjiang flood-diversion area. The Jingjiang flood-diversion area covers 921 km2, with a 
flood diversion capacity of 5.4 km3.
Due to the long construction period, different construction technologies, and different 
filling quality, the embankment system has been eroded by seepage damage. According to 
investigation after the 1998 flood, the main seepage deformation forms of the dyke body are 
etch pits that ooze out of the inner dyke slope and dyke toe. Other seepage deformation forms 
also occur in the main embankment system: 12 clear water leaks, one muddy water leak, one 
sandy channel, and three dyke body cracks, one of which is 100 m long and the other two of 
which are 20 m. The pertinent research on seepage characteristics and working behavior of the 
cut-off wall in the main embankment of the Yangtze River in the Southern Jingzhou zone is of 
explicit importance, particularly as it utilizes the uncertainty theorem including the 
probabilistic numerical method for deep insights on related studies (Wang et al. 2008).  
All of the studies described in this study focus on the working behavior of the main 
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embankment of the Yangtze River in the Southern Jingzhou in Hubei Province of China, and 
the useful data are derived mainly from engineering investigation information authorized by 
the Changjiang Water Resources Commission and the Yangtze River Scientific Research Institute.  
2 Three-dimensional stochastic seepage field model 
The problem of determining solutions of three-dimensional orthogonal anisotropic 
heterogeneous steady seepage can be expressed as follows (Moore 1980; Mao 2003): 
0x y zk k kx x y y z z
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H H H                      (1) 
where kx, ky, and kz are the orthogonal anisotropic permeability coefficients in the x, y, and z
directions, respectively; and H is the hydraulic head vector. 
Two kinds of boundary conditions are used in the solution of Eq. (1). One is the hydraulic 
head boundary condition:   
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where  is the probability subset in 1* *H that represents the stochastic boundary head set, 
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where D , E , and J  are the angles between the normal direction of the flux boundary 
surface and the x-axis, y-axis, and z-axis, respectively; 2*  is another subset in ; and *H 2 , ,x y zf is the flux boundary function vector. 
Based on related studies (Moore 1980; Schevenels et al. 2004), a stochastic seepage field 
can be expressed as a random process model: 
   T T  K H F                                     (4) 
where T  is the random sample sub-group;  TK  is the stochastic permeability matrix; and 
vectors ( )TH  and F are, respectively, the stochastic hydraulic head distribution and the 
random turbulence source (including boundary conditions) for the seepage field. It is postulated 
that  TK  depends linearly on a Gaussian random process  ,S x T . Hence, the numerical 
model can be formulated as follows: 
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where  is the permeability matrix of principal system, 0K  j[ T  is the independent standard 
normal random variable,  is a matrix that is dependent on jK ( )j[ T , and M is the upper limit 
of stochastic process status j.
The main cause of the randomness of the seepage field, according to Dogan and Motz 
(2005) and Yao and Yang (1995), arises from the stochastic permeability coefficient tensor, 
and the function expression is provided in this reference. The reliability of the random field, 
Ya-jun WANG et al. Water Science and Engineering, Mar. 2009, Vol. 2, No. 1, 58-73 61
according to Huang and Rudnicki (2006), is a random function of micro-scale parameters of 
structure material. Therefore, the permeability coefficient of the seepage field can be 
formulated as a random function of stochastic medium parameters and can be translated with 
different probabilistic distributions.
3 Randomness expression and testing of seepage field  
3.1 Parameter formulation of soil medium 
The main embankment of the Yangtze River in the Southern Jingzhou, situated on 
quaternary lacustrine alluvial deposits, is composed primarily of Holocene series strata. 
Random Kolomogorov-Smirnov testing was applied for permeability coefficients of all 
geological horizons and it can be stated that permeability coefficient tensor has a Gaussian 
distribution at a significance level of 1%D  . Fig. 1 shows the geological column of stratum 
permeability coefficients, and the sampling range of the drill hole is broad enough to cover 
most typical geological domains in the Southern Jingzhou. It can be seen clearly in Fig. 1 that 
the stratum permeability coefficient tensor has a normal distribution. 
Fig. 1 Geological column of stratum permeability coefficients 
In this study, stratum statistical parameters were obtained from geological survey data of 
sections 580+000 and 640+000 of the main dike system (Fig. 2 and Table 1). Based on 
drill-hole exploration data, the dike subsoil mainly consists of fine silt sand, sandy loam soil, 
silty loam soil, silty slime and sludge, and bedrock exists in some places. Local strata can be 
classified into two main categories: sandy strata with moderate-weak permeability to moderate 
permeability, including the fine silt sand stratum and sandy loam soil stratum, and clay strata 
with micro permeability to weak permeability, including the silty loam soil stratum, silty slime 
stratum, clay soil stratum and sludge stratum. 
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Fig. 2 Material of two typical sections 
Table 1 Statistical values of permeability coefficients for sections 580+500 and 640+000  
Permeability coefficient (cm/s) 
Section 580+500  Section 640+000  Category code Soil type 
Expectation (10-5 cm/s) Variation Expectation (10-4 cm/s) Variation 
k1 Artificial filled soil 5.0 0.20 0.37 0.20 
k2 Silty loam soil 5.0 0.10 0.10 0.14
k3 Fine silt sand 500.0 0.30 10.00 0.30 
k4 Silty slime 0.1 0.27 0.10 0.22
k5 Sandy loam soil — — 8.80 0.10 
k6 Medium-coarse sand — — 100.00 0.20 
According to geological engineering conditions, sandy-clay stratum fabrication of the 
dike foundation structure, and seepage cut-off engineering characteristics, the geological 
constitution of the dike foundation is divided into three main categories: the single structural 
stratum, double-layer strata, and multi-layer strata. The dike foundation is located on the 
intense permeable sand stratum. Based on the study of Fenton and Griffiths (1993), seepage 
field characteristics of these strata can be described as follows: due to great differences in the 
seepage hydraulic characteristics of different strata, such vector distributions as hydraulic head 
and flux have great variation; river water seeps through the dike foundation into the dike 
backside while the river stage rises over the ground on the dike backside during a flood period; 
and the sandy foundation may experience scattering soaking, soil block-floating and piping 
under seepage pressure, making seepage deformation and failure of the dike foundation so 
severe that the whole dike system may be breached. 
3.2 Randomness of permeability coefficient 
Under the hypothesis that the permeability coefficient tensor has a Gaussian distribution 
and flux has a logarithmic normal distribution, Tsao et al. (2005) developed a local average 
stochastic finite element model on the basis of a random field, but the model was only suitable 
for simple boundary conditions, and the flux was sensitive to the permeability coefficient. In 
this study, the permeability coefficient is regarded as an independent stochastic variable with a 
Gaussian distribution. Acceptable results are obtained with Monte Carlo stochastic simulation.  
3.3 Randomness of boundary conditions of seepage field 
Flood flux in the valley catchment area of the Southern Jingzhou, mainly from the 
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Yangtze River, is characterized by a continual high water level and large peak discharge. 
According to the research of Mansur et al. (2000), the dike system is very sensitive to outer 
water turbulence. Statistical data show that, under the statistical hypothesis of upstream and 
downstream water levels with normal distributions, the simulation results accord with 
observations. Based on these facts, the downstream and upstream water levels are considered 
independent stochastic variables with normal distributions. 
3.4 Research and comparison of randomness of general seepage field 
On the basis of the aforementioned studies, a three-dimensional anisotropic heterogeneous 
steady stochastic seepage analysis program was developed and applied to typical dike sections 
580+000 and 640+000, whose seepage vectors were calculated with the determinate and 
stochastic algorithms. 
The anisotropy and heterogeneity of the seepage field have to be considered when the 
numerical model grid is generated. The same material block should be covered under the same 
element category in order to obtain the rule of random characteristics of the material. 
Numerical simulation for these typical dike sections was implemented with determinate and 
stochastic algorithms under pre-reinforcement and post-reinforcement conditions. Dike 
working behavior was calculated for section 640+000 after setting up the downstream relief 
ditch. The model grid is shown in Fig. 3. The determinate and stochastic seepage field 
distributions of this section were calculated. Fig. 4 shows the comparison of hydraulic head 
variation concentration zones obtained from the determinate and stochastic seepage field 
analysis. 
Fig. 3 Three-dimensional mesh of section 644+000 (Unit: m)
Fig. 4 Comparison of hydraulic head variation concentration zone obtained from determinate and random 
seepage field analysis for section 644+000 after setting up cut-off wall 
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It can be seen from Fig. 4 that the difference between hydraulic head distributions of 
determinate and stochastic seepage fields under complex boundary conditions is evident. The 
results obtained by the determinate algorithm (solid line in Fig. 4) show that the hydraulic 
head distributions of different strata tend to be homogeneous. This indicates that when the 
medium parameter variation is not considered, the intrinsic turbulence of hydraulic head 
distribution due to geological randomness cannot be expressed properly. On the contrary, the 
random seepage field distribution (dashed lines in Fig. 4) shows a clear concentration of 
hydraulic head, particularly in the upper mid-intense permeable stratum and ditch area, 
whereas it is evidently uniform in the lower weak permeable stratum, indicating that random 
hydraulic head distribution of a stochastic seepage field with parameter fluctuation can 
highlight the flow’s dodging against the weak permeable stratum and its incline towards the 
intense permeable one. Moreover, Fig. 4 shows that the stochastic hydraulic head in the upper 
intense permeable stratum is more concentrated than the determinate one. The stochastic 
hydraulic head in the lower weak permeable stratum of the lenticle is 10% higher than the 
determinate one, and the stochastic numerical simulation results are in better agreement with 
the monitoring information on site than the determinate simulation results. 
Fig. 5 indicates that the hydraulic head distributions of different strata are consistent, 
although different strata have significant stochastic variation. Based on the study of Wang et al. 
(2007), we can make a conservative hypothesis that the vector field ( )TH  has a probabilistic 
normal distribution. The corresponding probabilistic hypothesis testing was carried out in this 
study. Pearson  testing was first applied at a confidence degree of 0.95 to analyze the 
hydraulic head distribution of the main dike system and the results show that this hypothesis is 
acceptable. Secondly, Kolomogorov-Smirnov testing was implemented at a significance level 
of
2F
5%D   and the results show that the normal distribution hypothesis is also acceptable. 
Fig. 5 Comparison of hydraulic head distributions in different zones for section 580+500  
Another hypothesis that stochastic hydraulic head has a logarithmic normal distribution 
was tested at a confidence degree of 0.95 with the Pearson  process. The results show that 
this hypothesis is acceptable. Because the difference between observed and theoretic values 
with normal distribution hypothesis is much smaller than that with lognormal distribution 
2F
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hypothesis, the normal distribution hypothesis of hydraulic head is more applicable. 
4 Stochastic seepage field simulation of main embankment of  
Yangtze River in Southern Jingzhou 
Figs. 6 and 7 show that the hydraulic head distribution of point groups in the random 
seepage field for section 580+500 fluctuates over a wide range with the increase of 
permeability coefficient variation. The hydraulic head values of point groups in front of the 
cut-off wall are high, but the hydraulic head values of point groups behind the cut-off wall are 
much lower. These characteristics show that such complex boundary conditions as cut-off 
walls effectively influence the randomness of seepage field vector distribution. 
Fig. 6 Distribution of random seepage field for section 580+500 before setting up cut-off wall
Fig. 7 Distribution of random seepage field for section 580+500 after setting up cut-off wall 
The main embankment of the Yangtze River in the Southern Jingzhou, with stratum 
structure in most zones (Li 2002), shows a high magnitude of variation in material parameters. 
Fig. 8 demonstrates that the horizontal effect of the impervious element is as a whole greater 
than the vertical one. In particular, the hydraulic heads of some deep layers rise. The hydraulic 
head value in the vertical direction begins to converge when the magnitude of stratum 
permeability coefficient variation increases, and the deeper the soil layer is, the more converged 
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Fig. 8 Distribution characteristics of hydraulic head of vertical point groups in k3 zone for section 580+500  
the hydraulic head becomes. 
Based on the aforementioned studies, it is deduced that the randomness of the seepage 
field is related not only with medium parameter variation but also with macro-distribution of 
strata and reinforcement structures. A cut-off wall changes the distribution of the original soil 
geological layer, aggravates the hydraulic head variation of the seepage field and leads to the 
re-distribution of stochastic hydraulic head (Wang 2004). 
5 Randomness of impervious structure and boundary conditions 
of main embankment of Yangtze River in Southern Jingzhou 
The cut-off wall is installed along the original dike crown or reinforced dike crown of the 
main dike system. The construction process of the cut-off wall and the intervention of the 
relief ditch make the random characteristics of the main dike seepage field more complicated. 
Owing to the uncertainties as well as the stochastic fluctuation of the boundary hydraulic head, 
it is necessary to analyze the randomness of complex boundary conditions and the influence of 
the boundary conditions on the whole seepage field distribution. 
5.1 Randomness of cut-off wall 
As a rule, the cut-off wall axis should run along the original dike crown line and stand 
1.5-2.0 m off the dike abutment. When the dike body has been reinforced, when there are civil 
architectural structures outside the dike system, and when the dike crown is covered with 
concrete pavement, the wall axis should be adjusted according to these engineering criteria: 
The cut-off wall axis should zigzag along the dike crown line and the whole wall axis length 
should be 97.484 km. The crown elevation of the cut-off wall should be 0.3 m lower than the 
dike crown elevation. The bottom line of the cut-off wall should be straight. The wall bottom 
should be embedded into the lower impervious bed layer at 1.5 m depth for clay and silty 
slime soil, and 2.0 m for loamy soil and silty loam soil. 
Based on the local technology and construction environment, the technologies applicable 
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to constructing cut-off walls include deep agitation, grooving (including vibrating and sawing), 
and the substitution of wall material in some dike sections with a high pressure injection 
cement layer due to the obstruction of dikes or civil structures. The control parameters of the 
cut-off wall material are provided in Table 2. 
Table 2 Material control parameters of cut-off wall 







Clay cement Deep agitation 200-300 ˘5 ˚1.0 60
Plastic concrete Grooving 250 ˘5 ˚2.0 60
Cement paste High pressure injection 200 ˘10 ˚1.0 60
The thickness of the cut-off wall can be determined by the formula d = H/J, H standing 
for the maximal working head, which is designed to fluctuate from 7 m to 9 m according to 
local terrain and the design water level, and J standing for the hydraulic gradient. Therefore, 
the cut-off wall thickness should be above 150 mm and even beyond 200 mm to safeguard the 
hydraulic reliability. The most noticeable characteristic of the stochastic seepage field 
reinforced with a cut-off wall is that the trend of hydraulic head dodging against the weak 
permeable stratum is more obvious (Wang et al. 2006). 
After setting up the seepage cut-off wall, the distributions of expectation and variance of 
the seepage field under complex stochastic boundary conditions are shown in Figs. 9 and 10. It 
can be deduced that the expectation of hydraulic head remains lower near the lenticle stratum 
than in the sandy layer. Owing to the intervention of the cut-off wall, the hydraulic head 
distribution near the wall fluctuates sharply with a maximal mean square variance value of 
31.7 m and variation of 0.2. The hydraulic heads with greater expected values are concentrated 
in the zone beneath the dike body without the influence of the cut-off wall. When setting up 
the cut-off wall, the hydraulic heads with greater expected values begin to shift towards the 
intense permeable stratum and diffuse in the sandy layer. The distribution of variance of 
hydraulic head, on the other hand, does not change after setting up the cut-off wall. Because of 
this, hydraulic head variation along the wall is high.  
Fig. 9 Distribution of expected value of random seepage field for section 644+000                    
after setting up cut-off wall (Unit: m) 
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Fig. 10 Distribution of variance of random seepage field for section 644+000                        
after setting up cut-off wall (Unit: m2)
In Fig. 11, the hydraulic head variations in upstream and downstream foundations of the 
dike are compared. At the same time, the contrast of hydraulic head variations between dike 
foundation strata and the wall bypassing zone shows that the latter is 0.017-0.018 and is higher 
than the former. As in the previous analysis, the stochastic seepage field is significantly 
influenced by the vertical cut-off wall installation (Wang and Zhang 2008). 
Fig. 11 Comparison of variation of hydraulic head in upstream and downstream dike foundations 
5.2 Randomness of upstream and downstream head boundary conditions 
The aforementioned studies show that the hydraulic head distribution in the seepage field 
of the main dike tends to be homogeneous with stable permeability and the small variation of 
upstream and downstream boundary heads because the stochastic turbulence of the boundary 
heads decreases and the permeability coefficient is considered a certain value. There is no 
phenomenon of flow dodging against a weak permeable stratum and inclining towards an 
intense permeable one when the permeability coefficient is certain. On the contrary, with the 
increase of boundary head variation, the hydraulic head distribution begins to be concentrated 
in some geological zones where seepage energy attenuates, and seepage deformation due to 
the hydraulic connection beneath the dike body may occur, necessitating that impervious 
elements are applied to reinforce the intense permeable zone. With boundary head randomness 
or permeability randomness, the scale of hydraulic head variation in the upstream dike ankle is 
much lower than that in the downstream dike toe, indicating that the downstream dike toe zone 
is the seepage flux exit and head variation concentration zone (Fig. 12). Fig. 13 shows that the 
height of the exit point group fluctuates with boundary head variation. The height of the exit 
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point group rises with the increase of boundary head variation, causing the probability of 
seepage deformation to increase.  
Fig. 12 Comparison of variation of hydraulic head in upstream and downstream slopes 
Fig. 13 Sensitivity of downstream exit height to boundary head variation without installation of cut-off wall 
5.3 Randomness of relief ditch 
The relief ditch, which is designed to be a covered gutter and hold 0.05 m3/s total flux, has 
a total length of 1020 m, runs parallel to the dike axis, and is 200 m away from the dike toe. 
The excavation depth generally should reach the permeable sandy stratum of the dike foundation 
and should range from 3 m to 4 m. Fig. 14 shows the general structure of the relief ditch. 
Fig. 14 Structure of relief ditch (Unit: cm) 
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The effect of relief ditch randomness can be seen in Fig. 15. When compared with the dike 
foundation, the expected value of hydraulic head in the relief ditch is lower, with the largest 
gap of 2 m. The mean-square variance of hydraulic head in the relief ditch is higher than in the 
dike foundation zone, with the largest gap of 2 m, showing that the variation of the former is 
four times that of the latter at most. 
Fig. 15 Comparisons of expectation and variance of hydraulic head in downstream                         
dike foundation and relief ditch for section 644+000  
In the next step, the hydraulic gradient of the stochastic seepage field of the main dike was 
studied under the combined influence of the relief ditch and the cut-off wall. It was deduced 
that variation of the hydraulic gradient of seepage field increases with the variation of the 
boundary water level (Fig. 16), whereas the expected value of the hydraulic gradient of seepage 
field decreases (Fig. 17). This coincides with the research outcome of Mansur et al. (2000). 
Moreover, it is of importance that this engineering phenomenon has a close relation with such 
drainage facilities as the relief ditches near tail water.  
Fig. 16 Sensitivity of hydraulic gradient variation to boundary water level variation 
Further study of complex boundary conditions of a random seepage field shows that the 
installation of a relief ditch is useful in decreasing tail water level. Because hydraulic cleavage 
cracks often occur at the dike toe, the variation of the tail water level, even with drainage 
elements, can disturb the distribution of the hydraulic gradient of the exit section. It has been 
verified that the stochastic seepage field is very sensitive to such a complex boundary condition 
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as the relief ditch, and the hydraulic gradient is more sensitive to the cut-off wall and relief 
ditch when variation of the boundary water level increases (Bruen and Osman 2004). 
Furthermore, the installation of the cut-off wall can effectively attenuate the hydraulic gradient 
of the random seepage field. 
Fig. 17 Sensitivity of hydraulic gradient expectation to boundary water level variation 
6 Conclusions 
Using a three-dimensional anisotropic heterogeneous stochastic seepage numerical model 
program, the random characteristics of a three-dimensional anisotropic heterogeneous steady 
stochastic seepage field in the main embankment of the Yangtze River in the Southern 
Jingzhou were studied comprehensively. Achievements described in this paper can contribute 
to the analysis of the influence of the strata parameter randomness and boundary water level 
variation on the hydraulic head distribution as well as the influence of the complicated 
boundary conditions on the stochastic seepage field. The main conclusions are as follows: 
(1) The elements of the stochastic permeability matrix of the stochastic finite element model 
are a random process of stochastic permeability coefficient with an independent normal 
probabilistic distribution.  
(2) Although the geological strata cover the whole seepage field, the stochastic numerical 
analysis of different strata shows a rule of consistency that certifies the practicability and 
rationality of the algorithm program. 
(3) The downstream section of the dike system, where seepage flux exits, is a zone of 
concentration of hydraulic head variation of a high magnitude. With the increase of boundary 
water level variation, the height of the exit point group increases and the seepage exit section 
is enlarged, causing the probability of seepage deformation to increase. 
(4) Before the installation of the cut-off wall, the zone beneath the dike body is a zone of 
concentration of hydraulic heads with greater expected values. After setting up the cut-off wall, 
the hydraulic heads with greater expected values shifts towards intense permeable strata and 
the hydraulic head variation of the bypassing zone near the cut-off wall can reach 0.017-0.018. 
This indicates that the cut-off wall has a significant influence on random hydraulic head 
distribution. 
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(5) Hydraulic head variation in the relief ditch is four times that in the dike foundation, so it 
is proved that the random turbulence of seepage field distribution is very sensitive to such a 
complex boundary condition as the relief ditch. The variation of the hydraulic gradient of the 
seepage field increases with the variation of the downstream boundary water level, but the 
expected value of the hydraulic gradient of the seepage field decreases with increasing 
variation of the downstream boundary water level. 
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